Recent insights into the role of the von-Hippel Lindau (VHL) tumor suppressor gene in hereditary and sporadic clear-cell renal cell carcinoma (ccRCC) have led to new treatments for patients with metastatic ccRCC, although virtually all patients eventually succumb to the disease. We performed an integrated, genome-wide analysis of copy-number changes and gene expression profiles in 90 tumors, including both sporadic and VHL disease-associated tumors, in hopes of identifying new therapeutic targets in ccRCC. We identified 14 regions of nonrandom copy-number change, including 7 regions of amplification (1q, 2q, 5q, 7q, 8q, 12p, and 20q) and 7 regions of deletion (1p, 3p, 4q, 6q, 8p, 9p, and 14q). An analysis aimed at identifying the relevant genes revealed VHL as one of three genes in the 3p deletion peak, CDKN2A and CDKN2B as the only genes in the 9p deletion peak, and MYC as the only gene in the 8q amplification peak. An integrated analysis to identify genes in amplification peaks that are consistently overexpressed among amplified samples confirmed MYC as a potential target of 8q amplification and identified candidate oncogenes in the other regions. A comparison of genomic profiles revealed that VHL disease-associated tumors are similar to a subgroup of sporadic tumors and thus more homogeneous overall. Sporadic tumors without evidence of biallelic VHL inactivation fell into two groups: one group with genomic profiles highly dissimilar to the majority of ccRCC and a second group with genomic profiles that are much more similar to tumors with biallelic inactivation of VHL. [Cancer Res 2009;69(11):4674-81] 
Introduction
Approximately 54,000 new cases of kidney cancer are diagnosed each year in the United States, with more than one-quarter resulting in death (1) . The vast majority of both cases and deaths are represented by clear-cell renal cell carcinoma (ccRCC). Until recently, the only effective therapies for patients with metastatic ccRCC have been immunotherapies, which unfortunately have high levels of toxicity and low rates of response (2) .
A better understanding of the somatic genetics of ccRCC has led to recent improvements in therapy. The tumor suppressor gene (TSG) von-Hippel Lindau (VHL), originally identified in families with VHL disease, has been shown to play a major role in the development of both VHL disease-associated and sporadic ccRCC (3) (4) (5) (6) . Antiangiogenic therapies, which block some of the downstream effects of VHL inactivation, are effective at controlling the growth of metastatic ccRCC in some of patients, but in almost all cases, the disease will eventually progress (7) (8) (9) .
To improve the treatments of ccRCC, two major goals should be addressed. First, the underlying heterogeneity of ccRCC that leads to responses in most, but not all, patients needs to be understood (10, 11) . This may improve selection of patients for existing therapy. Second, and most importantly, novel therapies are warranted. Given the progress with therapies targeting the VHL pathway, the identification of activated oncogenes and additional inactivated TSGs in ccRCC may provide targets for such novel therapeutics. The current availability of high-throughput platforms to assess genomewide changes in copy number and gene expression provides an ideal opportunity to achieve these two goals. We performed an integrated analysis of copy-number and expression profiles of ccRCC for both sporadic and VHL disease-associated ccRCC.
Materials and Methods
Renal cell carcinoma samples and nucleic acid extraction. Deidentified fresh-frozen sporadic ccRCC tissues were obtained from the Brigham & Women's Hospital, Beth Israel Deaconess Medical Center, and University Hospital in Zurich, Switzerland. Deidentified fresh-frozen metachronous tumors from patients with VHL disease were obtained from the National Cancer Institute. Genomic DNA was purified by phenol/ chloroform extraction and ethanol precipitation. All tumor tissues were needle dissected to ensure at least 70% contribution from tumor cells. In addition, DNA was extracted from 48 paired samples of normal renal cortices and 21 renal cancer cell lines: 769-P, A-704, Caki-2, KC 12, KU 19-20, SK-RC 29, SK-RC 31, SK-RC 38, SK-RC 42, SK-RC 52, SLR 20, SLR 21, SLR 22, SLR 23, SLR 24, SLR 25, SLR 26, SN12-PM6, SW 156, UMRC2, and UMRC6.
Total RNA was extracted from 2 mm punch biopsies of regions containing at least 70% tumor cells. Frozen tissue fragments were pulverized with a chilled mortar and pestle and homogenized in 1 mL Trizol reagent (Life Technologies). RNA was purified in accordance with the manufacturer's instructions. RNA integrity was assessed by denaturing gel electrophoresis using the visibility of rRNA bands.
Analysis of VHL. VHL mutational analysis was done by direct sequencing. Amplification of exons 1 to 3 (and flanking regions) of VHL was carried out using sets of primers designed with an automated primer selection program (see Supplementary Methods). Bidirectional sequences were generated by the DNA Sequencing Laboratory of the Harvard Partners Genome Center and manually reviewed. The methylation status of the VHL promoter was examined by sodium bisulfite modification and methylationspecific PCR as described previously (12) .
Genome-wide copy-number analysis. Genomic DNA was applied to the Sty I (250K) single nucleotide polymorphism (SNP) array of the 500K Human Mapping Array set according to the manufacturer's instructions (Affymetrix). Arrays were scanned using the GeneChip Scanner 3000 7G. Probe-level signal intensities were normalized to a baseline array with median intensity using invariant set normalization (13) and SNP-level signal intensities were obtained using a model-based (PM/MM) method (14) . Significant regions of copy-number variation were determined using the Genomic Identification of Significant Targets in Cancer (GISTIC) method (15) . SNP, gene, and cytogenetic band locations are based on the hg17 (May 2004) genome build. 11 Criteria for calling genes oncogenes or TSGs included published evidence of somatic genetic alterations in tumors and functional data supporting the tumorigenic consequences of these alterations. For the comparison between the Euclidean distance distributions among profiles of different subgroups, P values were calculated by permuting group labels.
Gene expression analysis. RNA was hybridized to HT_HG-U133A highthroughput arrays according to the manufacturer's instructions (Affymetrix) and scanned using the HT Scanner.
Signal intensities were determined using RMA (16) . Genes were assessed for overexpression among amplified samples or underexpression among deleted samples, compared with normal cortex, by the signal-to-noise ratio. P values were calculated by permuting tumor labels. Hierarchical clustering was done using pairwise complete linkage (WPGMA) on all genes and Euclidean distance as the similarity measure. Gene Set Enrichment Analysis was done as described (17) with P values calculated by permuting tag labels.
All SNP and expression array data are available through the Gene Expression Omnibus database 12 (accession no. GSE14994).
Results
Copy-number profiles from 90 ccRCCs. We performed a global survey of amplifications and deletions in 90 ccRCC tumors using oligonucleotide arrays interrogating 238,304 SNPs throughout the genome. The data set comprised 54 sporadic cases (49 primary tumors and 5 metastases) and 36 metachronous tumors from 12 patients with VHL disease (all primaries). All cases were reviewed by a pathologist (S.S.) with expertise in kidney cancer. Tumor cells were enriched by microdissection to ensure >70% purity in each sample. In addition, copy-number changes were assessed for 21 renal cancer cell lines (see Materials and Methods).
The ccRCC genome appears complex, with every region of the genome amplified or deleted in at least one tumor (Fig. 1) . However, the genomes of individual tumors are much simpler, with an average of 5.8 amplifications and 6.8 deletions. The majority of these events are broad gains and losses: 55% of amplifications and 52% of deletions cover most of a chromosome arm. Moreover, recurrent events, such as amplifications of chromosome 5q and deletions of chromosome 3p can be readily observed as noted in prior cytogenetic studies (18, 19) . Not surprisingly, the cell lines exhibited many more events, and many more focal events, than the tumors (Fig. 1) . For this reason, the cell line data were not included in any further analyses below.
Metachronous tumors from the same VHL patient appear no more similar to each other than to tumors from other VHL patients. As can be seen in Fig. 1 and Supplementary Fig. S1 , such metachronous tumors exhibit very different copy-number profiles. We compared each pair of tumors in our data set using a Euclidean distance metric that takes into account all copy-number differences across the genome. The average distance between tumors in the same patient was 59, not significantly smaller than the average distance between tumors from different VHL patients (61; onesided P = 0.48). This observation strongly suggests that metachronous tumors from the same patient are not clonal and therefore do not represent metastatic spread from a common precursor.
Analysis of nonrandom copy-number events suggests candidate oncogene and TSG targets. We applied the statistical method GISTIC to distinguish nonrandom copy-number events that may play a role in tumorigenesis (15) . Briefly, for both amplifications and deletions, the GISTIC method scores each region according to its combined frequency and amplitude of copynumber changes and compares these scores to the distribution expected if these copy-number changes resulted from chance alone. The method takes into account multiple hypotheses by applying the false discovery rate framework (20) , to generate q values that represent the likelihood each region was affected only by such random events. We considered all events with q values < 0.25 to be statistically significant.
We identified 7 significant amplifications and 7 significant deletions in ccRCC ( Fig. 1B ; Table 1 ). As anticipated, the most significant events are chromosome 3p loss and chromosome 5q gain. In addition, we see significant losses of chromosomes 1p, 4q, 6q, 8p, 9p, and 14q and significant gains of 1q, 2q, 7q, 8q, 12p, and 20q.
Only one gene, VHL, is known to cause ccRCC tumorigenesis through its somatic genetic modification, including its deletion (5). The identification of 13 additional nonrandom copy-number events in our data set suggests that at least 13 oncogenes and TSGs are targeted by these events and remain to be discovered. For each observed event, we considered genes in the region with the minimum q value (the peak region), which have the most frequent and high-level aberrations, to be the most likely to contain these gene targets (ref. 15 ; Table 1; Supplementary Table S1 ). This approach does in fact recover VHL as one of two genes within the peak region of deletion in chromosome 3p. This result can be ascribed in part to the presence of a homozygous VHL deletion in a patient with germ-line hemizygous VHL loss.
In addition to VHL, two other peak regions appear to precisely identify genes that are known to play a role in cancer, although not in ccRCC. In the case of deletions of chromosome 9p, the presence of focal, homozygous deletions in two samples leads the peak region to contain only two genes, the known TSGs CDKN2A and CDKN2B. In the case of amplifications of chromosome 8q, the presence of a focal amplification in a single sample leads the peak region to contain only the known oncogene MYC.
In addition to these 3 peaks, 11 peak regions do not precisely identify genes known to play a role in cancer. In eight instances, these peak regions each identify <4 genes, including 3 peaks (deletions of chromosomes 4q, 6q, and 8p), each containing only 1 gene. This gene is CSMD1 in the case of chromosome 8p loss. Although functional data showing its cancer-related role are lacking, recurrent deletion of CSMD1 has also been observed in several other tumor types (21) . The candidate TSG targets for losses of chromosomes 4q and 6q (AGA and LAMA2, respectively) are poorly characterized in cancer and their role in tumorigenesis remains unknown. The other 3 peak regions (amplification of chromosomes 5q and 20q and deletions of 1p) each contain >20 genes. The deletion peak on chromosome 1p includes RUNX3, which has been shown to suffer hemizygous loss and hypermethylation in a variety of cancers (22) . Functional data, including its genetic inactivation in mice, support its role as a TSG (23) . For all these peak regions, further investigation of the potential gene targets is warranted.
Although these peak regions are the most likely locations of the oncogene and TSG targets of the copy-number changes described above, it is possible that some of them have been displaced by the presence of passenger amplification events that occur next to, but not overlapping, these gene targets. This may be the case for the peak regions of amplification on 1q and 2q, which do not contain any described genes. We therefore accounted for such possible displacements by performing a leave-one-out analysis as described previously (15) , in which we identified "wide peak" regions whose boundaries are robust to the removal of any one sample from the data set (Table 1; Supplementary Table S1 ). As expected, these wide peak regions contain many more genes: in the cases of 1q and 2q amplifications, 45 and 101 genes respectively. Integrated analysis of expression profiles to rank candidate oncogenes and TSGs. Under the assumption that the oncogene targets of these copy-number events are activated by overexpression, we performed an integrated analysis of copy-number and expression data to prioritize the candidate genes in the peak regions of amplification above. Specifically, we obtained genomewide expression data for 59 of the tumors undergoing SNP array analysis and identified genes consistently overexpressed in amplified tumors relative to normal kidney cortex using a signalto-noise ratio metric and calculating P values by permuting tumor labels. We performed this comparison rather than comparing with tumors without the amplification because we recognized that oncogene expression levels may be modulated in unamplified tumors by factors other than copy-number change.
Among the 47 genes in the peak regions for which probes exist on the expression arrays, 36 are overexpressed among amplified samples. For 23 of these genes, the overexpression among amplified samples was sufficiently consistent as to be statistically significant (P < 0.05). These significantly overexpressed genes were found in 5 peak regions: 5q, 7q, 8q, 12p, and 20q (Table 2A) . The observation that MYC was consistently overexpressed among tumors with 8q24 amplification relative to normal controls (P < 0.005) suggests these genes may include the target oncogenes in the other peak regions.
A similar analysis of underexpressed genes in deleted regions identifies the known TSG CDKN2A (Table 2B) but not VHL or CDKN2B. This result may reflect one of at least two factors. First, decreases in expression are more difficult to detect than increases in expression by expression arrays due to noise and high background signal intensities. Second, many deletion events may be expected to inactivate TSGs by leading to loss of heterozygosity in the setting of a mutation in the remaining allele. The overall expression level may not be significantly affected due to overexpression of the remaining (mutated) allele as observed previously with TP53 (24). For these reasons, prior studies have focused on identifying overexpressed genes in amplified regions (25).
As the peak regions of amplification on 1q and 2q contain no genes (Table 1) , the overexpressed genes in the wide peak regions may represent oncogene targets. Therefore, we integrated gene expression data for all the genes in these wide peak regions and identified 12 genes in the 1q wide peak and 34 genes in the 2q wide peak that are overexpressed (Supplementary Table S1A ). Similarly, the wide peak regions for the other significant amplification events contain many significantly overexpressed genes (Supplementary  Table S1A ), including the genes in the peak regions that were previously identified as most likely to include the oncogene targets (Table 2A) . We also performed a similar analysis for deleted regions (Supplementary Table S1B) .
Tumors from VHL patients are more homogeneous than sporadic tumors. The presence of tumors from VHL patients (germVHL) in our data set allowed us to assess the effect of early biallelic inactivation of VHL on the genomic profile of these tumors. Biallelic inactivation of VHL is known to occur in preneoplastic renal lesions in VHL patients (26) , but the timing of biallelic VHL inactivation within the sequence of events leading to tumorigenesis in sporadic ccRCC is not known. In addition, a subset of sporadic tumors does not have biallelic VHL inactivation. We first evaluated the overall level of genetic similarity between germVHL and sporadic tumors by comparing their SNP array profiles. To determine the level of similarity between germVHL and sporadic tumors, we compared the average Euclidean distance among tumors within each subset to the average distance between tumors in different subsets. This average distance is significantly smaller among germVHL than sporadic tumors (61 versus 89; P < 0.001), suggesting the germVHL tumors constitute a more homogenous group. Although the germVHL tumors tend to have a lower grade than sporadic tumors (P = 0.012), this lower average grade does not appear to explain the level of homogeneity between these tumors. Indeed, the average distance among germVHL tumors continues to be smaller than among sporadic tumors even after controlling for grade (P = 0.003; see Materials and Methods). In addition, the average distance between germVHL and sporadic tumors (77) is smaller than the average distance among the sporadic tumors themselves (89), suggesting the copy-number space taken up by these two groups largely overlaps. These interpretations are consistent with the appearance of the spaces occupied by these tumor subsets when mapped to a two-dimensional plane ( Fig. 2A ; see Materials and Methods) and imply that sporadic tumors have a more heterogeneous copy-number profile. The relative homogeneity among germVHL tumors in copynumber space is also observed in gene expression space. The average Euclidean distance among expression profiles of germVHL tumors is significantly smaller than the average distance among sporadic tumors (75 versus 97; P = 0.001). As seen with their copy-number profiles, the average distance in gene expression space between germVHL and sporadic tumors (89) is smaller than the distance among the sporadic tumors themselves (97), consistent with the largely overlapping spaces occupied by these tumor subsets when mapped to a two-dimensional plane (Fig. 2B) . In both their copy-number and expression profiles, therefore, it appears that germVHL tumors are similar to a subset of sporadic tumors and therefore lack the same level of heterogeneity overall.
Sporadic tumors exhibit more copy-number events than tumors from VHL patients. The increased level of homogeneity among germVHL tumors reflects the smaller number of copynumber events they exhibit. These tumors have, on average, 4.0 amplifications compared with 7.0 in sporadic tumors (P = 0.04) and 5.1 deletions compared with 7.9 deletions in sporadic tumors (P = 0.03). Similar to sporadic tumors, copy-number events in germVHL tumors are also typically broad, with 49% of amplifications and 53% of deletions covering the majority of a chromosome arm.
In accordance with the higher average number of alterations in sporadic tumors compared with germVHL tumors, several of the nonrandom events identified in the GISTIC analysis are also more prevalent among the sporadic tumors. These include amplifications of chromosomes 1q, 7q, and 20q and deletions of 1p, 4q, and 9p (Supplementary Table S2 ). To optimize our power to detect nonrandom events that might be restricted to either sporadic or germVHL tumors, we performed GISTIC independently on each subgroup. This analysis identified an additional significant amplification, of chromosome 3q28, in the sporadic tumors, whereas no additional significant events were identified in the germVHL subgroup. Amplification of 3q28 was observed in 11 of 54 (20%) of sporadic tumors, and the boundaries of the peak region ( from 188.6-199.5 Mb) include >50 genes. A focused study of larger numbers of sporadic tumors may be able to limit this region further.
Tumors without biallelic VHL inactivation separate into two groups. We assessed biallelic inactivation of VHL in our sporadic tumors by combined assessment of VHL copy loss and mutation and methylation status (see Materials and Methods). We identified mutation events in 35 of the 54 (65%) tumors (Supplementary  Table S3 ). VHL promoter methylation was assessed in 50 tumors and detected in 9 (17%). Three tumors (6%) exhibited both mutation and methylation of VHL. Overall, 41 of the 50 (82%) tumors assessed for both events were observed to have either mutation or methylation of VHL. Loss of chromosome 3p was observed in 40 of these tumors (mutVHL) for an overall rate of biallelic VHL loss of 80%. Crosses, tumors with biallelic inactivation of VHL (germVHL and mutVHL); dots, those without biallelic inactivation (wtVHL); green circles, five of the wtVHL tumors distributed along the periphery of the copy-number space occupied by the tumor set (A ). Three of these with expression profiles are similarly marked in B.
As shown in Fig. 2A , tumors without biallelic inactivation (wtVHL) tend to separate into two groups: (a) a set (wtVHLcent; blue dots) with copy-number profiles similar to those of the majority of sporadic and VHL disease-associated tumors with biallelic VHL inactivation (seen as residing near the center of the space taken up by the other tumors) and (b) a set of tumors (wtVHLedge; blue dots with green circles) with copy-number profiles that are among the most dissimilar to the other tumors in the data set (seen as residing at the edges of the space taken up by these tumors). To confirm this finding, we calculated the average distance between the wtVHL tumors and those with biallelic inactivation of VHL. Indeed, unsupervised hierarchical clustering of these distances separated these wtVHL tumors into two groups (Supplementary Fig. S2A ). Although we see that some tumors with biallelic inactivation of VHL also lie at the edge of Fig. 2A , the number of ''edge'' tumors appeared to be enriched among the wtVHL group (P = 0.0002; see Supplementary Methods). As expected, inspection of the copy-number profiles reveals a greater number and diversity of copy-number events in the wtVHLedge tumors (data not shown). In addition, wtVHLedge tumors exhibit chromosome 3p loss in 3 of 5 samples compared with 4 of 4 samples in wtVHLcent tumors. We were able to obtain gene expression profiles for 3 of the 5 wtVHLedge tumors and all 4 wtVHLcent tumors. As shown in Fig. 2B , the wtVHL tumors appear to maintain a similar distribution in gene expression space, with the wtVHLedge tumors remaining at the periphery and the wtVHLcenter tumors localized more centrally. Although these results are limited by the small number of wtVHL tumors, these results suggest that wtVHL tumors comprise pathogenetically distinct groups of tumors. Similarly, unsupervised hierarchical clustering of the entire tumor set based on the expression profiles places the wtVHLedge samples in a separate cluster from wtVHLcenter, mutVHL, and germVHL ( Supplementary Fig. S2B ), whereas the tumors in these latter three groups were interspersed.
Because the wtVHLcent tumors have similar copy-number and expression profiles to tumors with biallelic inactivation of VHL, whereas wtVHLedge tumors are more distinct, we hypothesized that the former maintain cryptic biallelic inactivation of VHL or lesions of other genes that lead to similar inactivation of the VHL pathway, whereas the latter do not rely on similar levels of VHL pathway inactivation. To test this hypothesis, we performed Gene Set Enrichment Analysis (17) to compare expression of HIF-1 targets among the four groups defined above (Fig. 3) . We first found that expression of these genes is significantly higher in tumors with biallelic VHL inactivation (mutVHL and germVHL) compared with wtVHL (P < 0.01). Strikingly, we also found heterogeneity within the wtVHL group, with far lower levels of expression of these genes among wtVHLedge tumors relative to wtVHLcent tumors (P < 0.01; Fig. 3 ). This result was validated at the protein level by immunohistochemical evaluation of HIF1A, HIF2A, and CA9, the single HIF-1 target most differentially expressed between wtVHL and tumors with biallelic VHL inactivation (data not shown). This heterogeneity among the wtVHL tumors suggested that wtVHLcent tumors might have similar inactivation of the VHL pathway as tumors with biallelic VHL inactivation. Indeed, although wtVHLcent tumors exhibit lower expression levels for VHL pathway members than do tumors with biallelic VHL inactivation (P < 0.01), inspection of these expression levels reveals that these differences are modest (Fig. 3) .
The finding that wtVHLedge tumors have such markedly distinct genomic profiles to the vast majority of ccRCC raised the possibility that they represent tumors misclassified as ccRCC. However, all three of these tumors exhibit loss of 3p, which is pathognomonic of ccRCC and none have copy-number changes characteristic of other known subtypes of kidney cancer (data not shown).
Discussion
By taking an unbiased, genome-wide approach, we have identified 7 regions of the genome that are amplified and 7 that are deleted significantly more often than the background rate across all ccRCC and an additional region of amplification that is significant only in sporadic ccRCC. The enrichment of these events over the background rate suggests that they drive the development and progression of the disease, therefore suggesting the existence of at least 8 amplified oncogenes and 7 deleted TSGs in ccRCC. In addition to recovering VHL as the likely target of 3p loss, we identified MYC as the most likely target of 8q amplicons and CDKN2A and CDKN2B as the most likely targets of 9p deletions. Although both 8q amplification and 9p loss have been reported previously (19, (27) (28) (29) (30) , our ability, through an unbiased approach, to precisely locate the likely targets to wellknown cancer genes confirms the utility of the method. In addition, further study of the functional relevance of these genes in ccRCC is needed.
An additional region of particular interest is 5q, subject to amplification in f70% of tumors. Despite the large number of tumors with the amplification, we find that a large region, containing 22 genes, is consistently amplified across all of these samples. Twelve of these genes are also consistently overexpressed among amplified samples relative to normal renal cortex. The consistency with which such a large number of genes are amplified and overexpressed suggests the possibility that >1 gene is the target. For this reason, functional validation of all of these candidate genes is warranted. In addition, copy-number profiles of more tumors should be obtained in an attempt to resolve the minimal region of amplification and more robustly identify the target(s).
Patients with VHL disease are prone to develop metachronous renal tumors (31, 32) . The overall predisposition of these patients to ccRCC and the good prognosis associated with these tumors suggest that they represent separate primaries rather than metastatic spread. In agreement with these observations and a prior study (33) , we find that these metachronous tumors are not clonal and therefore developed independently.
The identification of VHL as a TSG in ccRCC from patients with VHL disease led to the recognition of its TSG role in sporadic ccRCC (3). However, whether tumors from patients with VHL disease share additional cooperating mutations with sporadic tumors is not known. By comparing high-resolution copy-number profiles between these VHL disease-associated and sporadic tumors, we have found that their overall profiles are similar, except that VHL disease-associated tumors tend to be more homogenous and have fewer events per tumor, including both likely random (passenger) and nonrandom (driver) events. This smaller number of events may result from at least three different reasons. First, the more intense surveillance these VHL patients received enabled their tumors to be diagnosed when they were small, potentially before they acquired additional events. Second, the early biallelic inactivation of VHL documented in patients with VHL disease may occur later in some sporadic tumors, leading to a different set of required coordinating events. Third, because sporadic tumors require an additional driver event (VHL mutation) that for VHL patients is already present in the germ-line, VHL patients develop tumors in a shorter time and the tumors acquire fewer passenger events before transformation.
Similar to their somatic genetic profiles, the expression profiles of ccRCC from patients with VHL disease are similar to sporadic ccRCC, but more homogenous, suggesting a similar cell of origin and set of dysregulated pathways. Indeed, unsupervised hierarchical clustering fails to distinguish the two groups. The finding of greater heterogeneity among sporadic ccRCC may, in part, result from a lack of biallelic inactivation of VHL, known to occur in a subset of sporadic tumors (34) . Indeed, we were unable to identify biallelic inactivation of VHL in f20% of sporadic tumors. Surprisingly, although a subset of these tumors have little similarity to the overall ccRCC profile, we found that another subset have copy-number and gene expression profiles that overlap with ccRCC with biallelic VHL inactivation. When we specifically assess genes downstream from VHL, we find a clear difference in expression levels between tumors with and without biallelic VHL inactivation. However, this difference was much more pronounced in the subset of tumors with dissimilar copy-number and expression profiles.
The finding that a subset of tumors without biallelic inactivation of VHL has copy-number and expression profiles that are highly dissimilar to the overwhelming majority of ccRCC, including expression levels of HIF-responsive genes, suggests that these represent a separate group of ccRCC that is not likely to respond to treatments that target the VHL pathway. Therefore, these tumors might require alternative therapeutic strategies. In contrast, the observation that a subset of the tumors without biallelic VHL inactivation has similar copy-number and expression profiles to tumors with such inactivation raises the possibility that the former group has unobserved genetic alterations of the VHL pathway and may respond to treatments targeting this pathway. In this scenario, assessment of the expression of appropriate markers of VHL pathway dysregulation (e.g., CA9) may be more useful in predicting response to therapy than assessment of VHL inactivation status.
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